Microfluidic single-cell cultivation devices have been successfully utilized in a variety of biological research fields. One major obstacle to the successful implementation of high throughput single-cell cultivation technology is the requirement for a simple, fast and reliable cell inoculation procedure. In the present report, an air-bubble-based cell loading methodology is described and validated for inoculating single bacteria into multiple picoliter sized growth chambers arranged in a highly parallel manner. It is shown that the application of the injected air bubble can serve as a reproducible mechanism to modify laminar flow conditions. In this way, convective flow was temporarily induced in more than 1000 cultivation chambers simultaneously, which under normal conditions operate exclusively under diffusive mass transport. Within an inoculation time of 100 s, Corynebacterium glutamicum cells were inoculated by convection at minimal stress level and single bacteria remain successfully trapped by cell-wall interactions. The procedure is easy, fast, gentle and requires only minimal fluidic control and equipment.
Introduction
Single-cell analysis based on microuidic cultivation systems has been successfully developed to investigate a variety of living organisms in vivo. [1] [2] [3] [4] [5] [6] In contrast to all other procedures, this technology facilitates exceptional environmental control as well as full spatial and temporal resolution at the single-cell level and is thus well suited to investigate cellular dynamics for microbiology and biotechnology. 7, 8 The functional microuidic cultivation geometries utilized so far can be classied into simple cultivation wells, 9 shallow growth sites restricting cellular growth to a monolayer, 10, 11 growth tracks harboring single cells arranged in a straight queue 12, 13 and single-cell traps holding exclusively one cell.
14,15
Typically these micrometer and sub micrometer sized cultivation sites are arranged in a highly parallel manner thereby incorporating up to several thousand regions of interest in a single device. During operation, preferably a single cell is inoculated into each cultivation site facilitating spatiotemporal investigations on isogenic microcolonies, for example by automated time-lapse microscopy. One major obstacle to the successful implementation of high throughput microuidic single-cell cultivation technology is the prerequisite for simple and fast but reliable cell inoculation from the pre-culture suspension.
Inoculation procedures differ and depend to a large extent on the microuidic cultivation geometry applied. However, the vast majority of cell seeding routines are based on random cell trapping while the cell suspension is infused into the microuidic device. As illustrated in Fig. 1a , this is straightforward if simple trapping obstacles and barriers are directly infused with the cell suspension during loading. [15] [16] [17] [18] [19] These barrier structures facilitate excellent medium exchange and constant cultivation conditions by continuous convective ow. However, cells may be washed out and become lost as soon as the drag force exceeds the force of the barrier structure's trapping mechanisms and convection may be undesirable for many applications.
As depicted in Fig. 1b , cultivation chambers and channels have therefore been placed perpendicular to the ow and interconnected between parallel media supply channels avoiding convection and shear stress. 10, 12, 20 This latter conguration facilitates exclusively diffusion-based mass transport if the two media-supplying volume ows are equal. The cultivation sites can have different geometries, 10, 12, 21, 22 which have been applied for bacteria, 10,22 yeast 11 and eukaryotic cells.
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At short micrometer length scales, diffusive mass transport is typically very efficient thus guaranteeing stable cultivation conditions. However, cell inoculation remains a bottleneck since cells are not directly ushed into the cultivation sites (Fig. 1b) . To overcome this limitation, several workarounds have been reported to load single cells into the chambers, for example, "manually applied pressure pulses to the channels to induce a momentary ow change", 24 whole-device centrifugation for inoculation by centrifugal forces, 13 incorporation of additional seeding channels elaborately operated by exible valves, 25 controlled but low throughput cell seeding by optical tweezers 26 and interconnected under-pressure channels to actively draw cells into the cultivation sites. 27, 28 Clearly, there is an urgent requirement for improvement, particularly in view of the challenge of implementing a reliable, user-friendly, fast and perhaps commercially applicable procedure.
In the present report, a simple, fast, gentle and reproducible method is described for microbial cell inoculation into microuidic cultivation sites, in which during cultivation exclusively diffusive mass transport is present whereas convective ow occurs only inside the adjacent supply channels. Our inoculation procedure utilizes an entrapped nanoliter sized air bubble to temporarily modify the ow conditions. The bubble induces a momentary convective ow also through the cultivation chambers, thus enabling cell transport into the chambers. In contrast to previously described procedures, the present chip device remains inside the temperature incubator the whole time and the connected tubing is not removed during operation, which is ideal for a fast and gentle cell transferal from the pre-culture to the main microuidic chip culture. The principle is limited to gas permeable device material since the bubble removal is based on gas diffusion through the interfacing wall material. The proposed gas-bubble inoculation requires neither a complex fabrication procedure nor elaborate control equipment. Furthermore, by applying multiple bubbles it is highly parallelizable because the gas-liquid interface adapts to any channel geometry. The procedure was successfully validated with the organism Corynebacterium glutamicum, which subsequently exhibited normal growth behavior.
Material & methods

Chip fabrication
Single-use microuidic cultivation devices were fabricated by standard polydimethylsiloxane (PDMS) (Sylgard 184 Silicone Elastomer, Dow Corning Corporation, Midland, USA) molding, casting a 100 mm silicon wafer carrying appropriately designed SU-8 (MicroChem Corp, USA) structures processed by cleanroom photolithography. To this end, SU-8 layers 1 mm and 10 mm in height were spin-coated and processed separately, resulting in a layered dual resist conguration. The molded PDMS chips had supply channels of 10 mm height and cultivation sites 1 mm in height. Prior to the experiments, each chip was thoroughly cleaned and permanently bonded onto 170 mm thick glass plates (SCHOTT Malaysia) aer oxygen plasma treatment and nally connected to tubing (Saint Gobain; VWR International GmbH, Germany). A detailed fabrication procedure has been published previously. 29 
Device conguration
The present PDMS-glass microuidic device incorporates four individual perfusion channels with a single inlet and outlet respectively ( Fig. 2a and b ). Each inlet channel (100 mm width) branches into two separate cultivation arrays having a partly beveled air bubble entrapment zone (430 mm width) in front (Fig. 2c) . By this conguration one single chip combines 1184 growth chambers in total. Growth chambers are arranged in between and perpendicular to the ow. Therefore, two opposing chamber openings are connected to the supply channels (30 mm width, 10 mm height) for continuous media supply. In the present design two different growth chamber sizes were implemented (W Â L Â H), namely: 40 mm Â 60 mm Â 1 mm and 50 mm Â 60 mm Â 1 mm, as depicted in Fig. 2d . An exemplary SEM image is shown in Fig. 2e .
Experimental setup
Experiments were carried out using an inverted time-lapse microscope (Nikon TI-Eclipse, Nikon, Japan), equipped with an temperature incubator (PeCon GmbH, Germany). Images were recorded with a 10Â objective during air bubble removal and a 100Â objective during cultivation. Prior to cell inoculation desired air bubbles were injected using a pressure-driven pumping system (MCFS, Fluigent, France) as well as 2 external electromagnetic 3/2 valves (Cetoni GmbH, Germany), as illustrated in Fig. 3a . Aerwards and during cultivation, a syringe pump (NeMESYS, Cetoni GmbH, Germany) was used instead to continuously supply the cells with fresh medium at a ow rate of 200 nl min À1 .
Bubble injection and cell inoculation procedure
Two electromagnetic 3/2 way valves connected in series were used to quickly and reproducible switch between cell suspension, pressurized air and a waste outlet. This external congu-ration was connected to the microuidic chip inlets. Desired air bubbles for cell inoculation were induced by an automated valve actuation sequence to realize following procedure ( Fig. 3a) : (a) Cell suspension supply from a 300 mbar pressurized container (Fig. 3a) .
(b) Within a 2 second pulse, air is injected at 300 mbar into the tubing (Fig. 3b) .
(c) Cell suspension supply at 300 mbar is restored and the resulting entrapped air bubble is pushed through the tubing into the microuidic channels (Fig. 3c) .
(d) Aer the successful inoculation procedure, cultivation medium is supplied continuously (Fig. 3d) .
Once in its operational position located in front of the ve-fold channel junctions, air bubbles disappeared by continuous gas diffusion through the interfacing PDMS walls under constant pressure conditions (Fig. 4 and 6 ). Several pressure levels (200, 300, 400 and 500 mbar) were experimentally characterized. Phase contrast images of shrinking air bubbles were captured every second to derive geometrical parameter information by image analysis. Aer cell inoculation, 1184 growth chambers were optically inspected and trapped cells were counted to derive the trapping efficiency. 
Fluorescent ow tracer analysis
Flow characterization was performed by infusing uorescently labeled latex beads of 1 mm diameter (blue uorescent 350/440) and 200 nm diameter (yellow-green uorescent 505/515), respectively. FluoSpheres® carboxylate-modied microspheres (2% solids) were purchased from Molecular Probes (Invitrogen, USA). 1 mm beads were applied to visualize the laminar ow prole during air-bubble-assisted cell loading thereby mimicking cell trapping. 200 nm beads were applied to track the diffusive particle behavior during subsequent normal cultivation conditions. Prior to ow visualization, the channels were primed with 0.1% BSA solution for 60 minutes to minimize unspecic bead adhesion. All bead suspensions were diluted (5 ml in 1000 ml of 0.1% BSA). An exposure time of 500 ms was used to record the trajectories of the 1 mm beads, whereas an exposure time of 10 s was used to track the 200 nm beads. Fluorescently labeled beads were excited using a uorescent light source (Intensilight, Nikon, Japan) at the maximum intensity and using appropriate optical lters.
Cultivation of C. glutamicum C. glutamicum wild type was pre-cultured in 20 ml of fresh CGXII medium 29 in 100 ml shake asks and shaken at 30 C at 150 rpm overnight. Prior to inoculation into the chip, 500 ml from the overnight culture was transferred to 20 ml of fresh CGXII and incubated until an optical density of 1 was reached. Aer successful inoculation, fresh CGXII medium was infused. Images of growth sites were recorded every 10 minutes to derive the growth rate. Growth of single-cell microcolonies was analyzed by using a customized semi-automated image analysis toolkit. Advanced image analysis methods were adapted for time-lapse image stacks and implemented as a plugin for the ImageJ platform.
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Results and discussion
Single-cell inoculation procedure
The present device operates with a simple microuidic geometry, thereby minimizing technological efforts and improving applicability. The conguration facilitates exclusively diffusion based mass transport inside the cultivation chambers if the two parallel media supplying volume ows are equal and no pressure gradient is present through the cultivation site. This is achieved by conguring the single inlet channel so that it branches into multiple parallel supply channels of identical hydrodynamic resistance (Fig. 2c) . Successfully inoculated cells grow under minimal shear stress and with efficient media exchange by diffusion based mass transport.
By utilizing a nanoliter sized air bubble entrapped in front the supply channels, a simple and reproducible inoculation procedure was realized as illustrated in Fig. 4 . The procedure follows following sequence:
(a) Device priming (homogenous ow conditions inside the channels and solely diffusion based mass transport inside the cultivation chambers); (b) air bubble injection; air bubble blocks the ve-fold channel junction.
(c) cell suspension infusion and cell inoculation (inhomogeneous ow conditions inside the supply channels supporting convection across the chambers until bubble fully disappears); (d) continuous medium supply and cell cultivation (homogenous ow conditions along the channels and solely diffusion across the chambers).
To initiate single cell inoculation, air was injected during a 2 s pulse from a pressurized air supply into the external tubing by actuating two electromagnetic valves in automated sequence (Fig. 3) . The resulting air bubble was then pushed with the cell suspension ow downstream the tubing into the connected microuidic chip where it blocked the multifold junction to the parallel supply channels due to the counteracting capillary force as illustrated in Fig. 4b (ESI section S1 †).
Once in its operating position at the channel junction, the bubble volume continuously decreases due to the high gas permeability of the interfacing PDMS wall material. However, the bubble must not be pushed through the entire device at higher pressure levels, since cells may be detached from the cultivation chambers by the propagating air-liquid interface. The transient blockage of several media supply channels creates an ow imbalance in the parallel supply channels, thereby inducing convection through the cultivation chambers supporting the inoculation of single microbes. Infused cells The trapping efficiency depends on various parameters, for example, the inoculation period, cell suspension density, ow velocities, cell size, and was optimized experimentally. As soon as the air bubble completely disappears, the inoculation procedure is nished and the cultivation medium is continuously pumped through the channels instead. 
Flow tracer characterization
Fluorescently labeled beads and long exposure times during uorescence microscopy were used to visualize the particle trajectories during normal cultivation conditions and inoculation conditions as shown in Fig. 5a and c. Under normal cultivation conditions the volume ows were equal in all supply channels as visualized by identical tracer patterns ( Fig. 5a and  b) . Fluorescent beads entering the growth chambers exclusively revealed diffusive and random motion (Fig. 5c) .
As soon as the air bubble was injected ( Fig. 5d and e) , tracer analysis revealed unbalanced ow rates and resulting uid convection through the cultivation chambers. The uorescent beads then followed straight laminar ow lines through the chamber (Fig. 5f ). Several beads attached to the channel walls resulting in noticeably bright sports in the image (Fig. 5d and e) not further inuencing the analysis. The ow situation was completely reversed once the air bubble disappeared by diffusion in less than two minutes.
Air bubble injection
During bubble injection the applied ow pressure should not exceed the sum of the counteracting capillary pressures to avoid loss of the functional bubble. The maximum pressure during the procedure results from the sum of the counteracting capillary pressures at the liquid air interface (Fig. 4b) . For a rectangular channel with constant cross-section and width (w) [ height (h), the capillary pressure can be estimated from eqn (1) (more details see ESI S1 †). Thus in the present geometry, the resulting vefold counteracting pressure is about 600 mbar. This was in good agreement with our experimental ndings, as the bubble was ineffectively pushed through the junction at an inlet pressure around 600 mbar. By adjusting the device layout, this restriction can be easily increased to specic requirements, but ow rates during inoculation were satisfactory in our experiments. At a later phase during cell inoculation and a smaller bubble size, it still remains trapped at its position mainly due the surface tension and the ow diverging around the bubble.
Air bubble diffusion
The available time window for inoculation is greatly dependent on the gas permeation rate through the surrounding wall material. The procedure is limited to PDMS or other materials or device congurations supporting gas diffusion. Fig. 6a shows a time-lapse image series of an injected air bubble, which then continuously shrank due to diffusion at the applied pressure p ¼ 300 mbar. It can be seen from Fig. 6b that a minimal pressure of 300 mbar was needed to remove the air bubble effectively. Each inoculation sequence was repeated 3 times and the measured cross-sectional bubble area plotted over time. A simple rst-order decay expression was used to t the bubble removal rate 31 (details in ESI S2 †).
Cell loading performance
The presented method was validated using the microorganism C. glutamicum. In order to guarantee isogenic starting conditions of each microcolony, only one cell per growth side needs to be trapped during inoculation. During cell division of C. glutamicum two related cells oen remain attached to each other. 32 These cell pairs were also considered as one cell since they obviously arise from the same lineage. The inoculation was performed at 300 mbar inoculation pressure and a cell suspension with an optical cell density of OD 0.1 and OD 1. Each cultivation chamber was inspected by microscopy aerwards and the entrapped cell number was counted. Fig. 7a and c shows the distribution of trapped cells per growth chamber (50 mm Â 60 mm) for both cell suspension densities. In addition, the position distributions of all trapped cells inside the growth chamber is depicted in Fig. 7b and d . It is noted that a central cell positioning is most desirable to allow homogenous and radial colony growth with maximum diameter. Inoculation was performed most efficiently at a low cell density (OD 0.1). On average, 52 chambers out of 592 were successfully inoculated with one individual cell (technical replicate: N ¼ 3). In the same device 57 out of 592 chambers (40 mm Â 60 mm) were satisfactory inoculated with a single cell as shown in Fig. 7e-h . The small size difference did not signi-cantly impact cell loading efficiency. At rst sight, these numbers seem low, but typically time lapse microscopy can hardly handle more regions of interest if appropriate time resolution in the order of a few minutes is anticipated. Inoculation at 300 mbar within 100 s resulted in a trapping efficiency of around 10%. Even higher cell density led to an increased number of chambers with more than one cell and more cells being trapped at the inlet of the growth sites rather than in the center of the chamber.
Viability and cell growth
Finally, the growth of C. glutamicum aer our inoculation procedure was validated. Each colony exhibited excellent viability and showed no impact on cellular growth or morphology. Fig. 8a shows microcolony growth for 9 hours in one of the observed growth sites. As an example, 23 microcolonies were analyzed in more detail and single-cell growth rates m max were derived as shown in Fig. 8b and c. We found the maximum average growth rate m max_mean to be 0.6 AE 0.03 h
À1
, which corresponded very well to previously published results obtained with C. glutamicum in microuidic devices. 33 The shis in time of the different growth curves can be explained by different cell cycle states of the individual mother cells.
Conclusion
A fast, gentle and simple microbial cell inoculation procedure for microuidic single-cell analysis is described. Air bubbles are oen considered as a negative side effect in microuidics. 34 However, we have shown that the application of an injected air bubble can serve as a reproducible mechanism to modify laminar ow conditions. In this way, convective ow is temporarily induced in more than 1000 cultivation chambers in parallel, which under normal conditions operate exclusively under diffusive mass transport. Within an inoculation time of 100 s, C. glutamicum cells were inoculated by convection and single bacteria remain successfully trapped by cell-wall interactions. During cell trapping, the air bubble continuously reduced in size due to gas permeation through the surrounding. Once the bubble had been removed, normal ow conditions were fully restored. The inoculation efficiency of 10% was sufficient for our experiments but can certainly be further enhanced. The method is not restricted to the geometries presented here and can be adapted to other microuidic single-cell analysis devices. Inoculated C. glutamicum cells survived the procedure well as shown by their vital growth and morphology.
